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Abstract 
Dinuclear copper complexes are significant synthetic targets due to their use as model compounds for 
the active sites of type 3 copper proteins like catechol oxidase. A distinct class of ligands used in these 
studies are built on a phenol core to witch various donor side-arms were appended at the 2 and 6 positions 
of the arene ring. 
In our quest to quantify the influence of electron donating or withdrawing groups attached to the central 
arene ring, we have designed a set of ligands that, upon coordination to copper(II) centers, would produce 
complexes of the general structure. 
During this research work, five new N60 heptadentate ligands have been prepared by the condensation 
ofbis(pyrazolyl)ethanamine with different 2-hydroxy-isophthalic acids. These ligands react with copper(II) 
salts, forming bimetallic complexes, which were characterized by IR, UV-Vis and 1H-NMR spectroscopies. 
These complexes catalyze the oxidation of 3,5-di-tert-butylcatechol to the corresponding 3,5-di-tert-butyl 
quinone. The catalytic mechanism was investigated, and it was found that the oxidation reaction occurs via 
two different pathways, one involving molecular oxygen and the other the hydrogen peroxide byproduct. 
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I. Introduction 
1.1. Enzymes and their function 
In biological systems, the ability to speed up specific reactions is extremely important. Enzymes 
are recognized as being able to catalyze more than 5,000 types of biochemical reactions. 1 Natural enzymes 
are protein molecules that function as catalysts, and they are constructed from twenty different amino acids, 
each residue bound to the next, so they can be as short or long a chain as required. There are numerous sorts 
of enzymes for different functions; however, all enzymes share some common characteristics.2 One 
essential characteristic of an enzyme is that it can considerably increase a reaction rate by lowering the 
activation energy required for that particular reaction. Most reactions in living organisms take place quickly 
and efficiently because of the presence of enzymes.2 Another key feature of enzymes is that some interact 
with a single substrate, indicating high selectivity at their binding site; however, in some cases, different 
enzymes can do the same job. Finally, enzymatic active sites can react and form different states that may 
be required by the catalytic cycle for a specific reaction to occur.2 
Some enzymes contain metallic centers in their active sites. The presence of one or more metallic 
centers in the enzyme is rather important to its ability to function, as these metals can play a significant role 
in the structure and activity of the enzyme. They can be involved in the reaction mechanism as electron 
donors or acceptors, Lewis acids, or structural regulators. Iron, copper, nickel, zinc, molybdenum, and 
calcium are frequently found as metal centers in enzymes.2 
For example, nickel superoxide dismutase (NiSOD) metalloenzyme is responsible for catalyzing 
the reaction of disproportionation of superoxide to molecular oxygen through alternate oxidation and 
reduction of its catalytic metal center.3 The superoxide ion 02· is generated in biological systems by the 
reduction of molecular oxygen. It has an unpaired electron, so it acts as a free radical. Superoxide is a 
powerful oxidizing agent.3 Free radicals present in the body must be destroyed before they cause damage 
to cells. 
The NiSOD enzyme performs this function very efficiently, acting as a master regulator of free 
radicals and reactive oxygen species in cells .4 Superoxide is also generated by animal macrophages as part 
of the immune response and bas been implicated as an agent in the aging process, inflammatory diseases, 
post ischemic tissue injury, and several pathological conditions. 
The protein structure of the NiSOD enzyme is illustrated in Figure 1.1. NiSOD is a globular protein, 
shaped like a hollow sphere. It is categorized as a homo-hexameric protein, meaning that it is made up of 
six identical subunits. These subunits together make up a packet of four right-handed a-helixes, which has 
a molecular mass of 13.4 kDa (117 amino acids).5 They align to give NiSOD a three-fold axis of symmetry. 
There are six nickel cofactors in total (one for each subunit). The subunits also have a hydrophobic core, 
which helps drive protein folding. The core of this enzyme is made up of 17 aliphatic amino acids. All of 
the amino acids involved in catalysis and nickel binding are located within the first six residues from the 
N-terminus of each subunit.6 
(A) (B) 
Figure 1.2. NiSOD subunit and hex.americ structure. (A) NiSOD subunit with metal binding hook and 
residue labels for the ends of helices. (B) Ni SOD biological unit is a hexarneric assembly of 4-belix bundles. 
The 3-fold axes relate subunits A-C and 0-F. Ni ions displayed in dark gray.6 
2 
This region has a curved and disordered shape in the absence of nickel, which gives it its nickname, 
"the nickel binding hook".6 After nickel binds, this motif takes on a highly ordered structure and forms the 
enzyme's active center. The catalytic mechanism of this enzyme was investigated by Getzoff and co-
workers, and they observed the conversion of superoxides to peroxides and dioxygen during the catalytic 
cycle (Figure 1.2).3-8 
2 
H 
Figure 1.2. Catalytic mechanism of the NiSOO. Redrawn after Getzoff and co-workers.6 
3 
1.2. Copper-based enzymes 
A distinct class of enzymes is comprised of those that contain copper ions at their active sites. The 
study of these species has attracted great interest because of their participation in many biological processes, 
such as electron transfer and the oxidation of various organic substrates9•10• These proteins are usually found 
in plants, insects, and mammals. Several main functions of copper-containing enzymes can be identified: 
(i) metal ion uptake, storage, and transport; (ii) electron transfer; (iii) dioxygen uptake, storage, and 
transport; and (iv) catalysis. A summary description of several copper-based enzymes is shown in Scheme 
1 . 1 . 
Hemocyanin 
02tr� 02 � 
Tyrosinase � 
�OH 02 �O --�� ___.>J 
� -H2cr �0 <1--._ C::::::---'" v---.::::::;, Copper Based 
� Protiens Cytochrome c Oxidase V"  
02 H20 rf/ 
Blue copper protiens 
Galactose Oxldase 
Nitrite reductase 
No2·� NO 
N20 reductase 
N20� N2+H20 
Scheme 1.1. Some copper-containing enzymes and their functions. Redrawn from reference l 0 and I I .  
These copper-based proteins were once classified according to their spectroscopic properties and 
divided into three categories: type-I, type-2, and type-3. However, as more structural data has become 
available, these proteins have been divided into seven categories: type-I, type-2, type-3, type-4 or 
multilayer, CuA, Cue. and Cuz groups. 10•11 
4 
Type-I active site 
Copper proteins with type- I active sites are known for their blue color, which originates from a 
strong absorption at 600 nm, resultant of a Ligand to Metal Charge Transfer ( LMCT) transition of a cysteine 
sulfur to the copper( II) ions.12 Commonly referred to as blue copper proteins, these enzymes are also called 
"moonlighting proteins" because they can accomplish more than one function. These proteins are typically 
involved in electron transfer processes. Multicopper oxidases and redox enzymes employ type- I active 
sites. Examples of this class of proteins include plastocyanin, amicyanin, azurin, and nitrite reductase. The 
structure of the type-I copper proteins was initially elucidated by X-Ray crystallographic studies on 
plastocyanin.13  The environment around the copper center in type-I active sites consists of two nitrogen 
donor atoms from two histidine residues, a sulfur atom from a cysteine residue, and a weakly coordinated 
sulfur atom from a methionine residue. In some cases, a glutamine or leucine residue may be found in the 
place of the methionine residue.14 Scheme1.2 (a) shows a schematic representation of the active site (type­
!) of plastocyanin. 
Type-2 active site 
Type-2 copper protein active sites are recognized for their characteristics being similar to regular 
copper(II) complexes; hence they are known as "nonnal" copper proteins. Their Electron Paramagnetic 
Resonance (EPR) and structural data show that the active sites have four N and/or 0 donor atoms in 
distorted tetrahedral or square planar geometry. 1 1•15 These copper proteins are light blue in color, originating 
from a d-d transition instead of a sulfur to copper charge transfer as occurs in type-1 .1 1  Examples of copper­
based proteins with type-2 active sites are phenylalanine hydroxylase and dismutase. These proteins are 
typically involved in catalytic processes, such as selective hydroxylation of aromatic substrates, 
disproportionation of the Of superoxide anion, C-H bond activation of benzylic substrates, and primary 
alcohol oxidations. 1 1  Scheme 1.2 (b) shows a schematic representation of the active site (type-2) of galactose 
oxidase. 
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Scheme 1.2. Schematic representations of selected active sites of copper proteins: plastocyanin (type-I, a); 
galactose oxidase (type-2, b); oxyhemocyanin (type-3, c); ascorbate oxidase (type-4, or multicopper site, 
d); methane monooxygenase (multicopper site, e); nitrous oxide reductase (CuA site, f); cytochrome c 
oxidase (Cua site, g) and nitrous oxide reductase (Cuz site, h). Redrawn from reference 16. 
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Type-3 active site 
Type-3 copper protein active sites are made up of three oxidases and oxygen-transporting proteins, 
known as hemocyanin, tyrosinase, and catechol oxidase. 17 These active sites have the capability "to 
reversibly bind dioxygen at ambient conditions."17 In the oxygenated state of the active site, the ions are 
antiferromagnetically coupled, leading to an EPR silent behavior. Crystallographic studies of hemocyanin 
and catechol oxidase have been performed, and they show that these proteins contain a dicopper core, in 
which both ions are coordinated by three nitrogen atoms from histidine residues.11 Tyrosinase and catechol 
oxidase are responsible for the oxidation of phenolic substrates to catechols (tyrosinase) and subsequently 
to o-quinones (tyrosinase and catechol oxidase).17 Scheme l.2 (c) shows a schematic representation of the 
active site (type-3) of oxyhemocyanin. 
Type-4 active site (multicopper) 
Type-4 copper protein cores can be considered a combination of type-2 and type-3 active sites. 
They are different in the sense that they have three copper ions arranged in triangular-shaped trinuclear 
"clusters". In some circumstances, a type-I site is also involved, and the resulting arrangement is known as 
a multicopper oxidase or blue oxidase. 18 Type-4 copper proteins such as ascorbate oxidase are recognized 
for their connection to a wide range of organic oxidation reactions such as phenol oxidations. 18 This 
multicopper assembly forms through the binding between the cysteine-histidine electron pathway of the 
triangular array and the type-I active site. Examples of this class are laccase, ascorbate oxidase, and 
ceruloplasmin. Scheme 1.2 (d) shows a schematic representation of the active site (type-4) of ascorbate 
oxidase. 
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Cu6 active site 
CuA active sites are known for having mixed valence copper centers. They contain a dinuclear 
copper core, with both coppers having a tetrahedral geometry and a formal + 1.5 oxidation state.19 These 
dinuclear CuA centers are found in cytochrome c oxidase and nitrous-oxide reductase.20 The two copper 
ions have tetrahedral geometry and are coordinated by two histidines, one methionine, a protein backbone 
carbonyl oxygen, and two bridging cysteine residues. These two copper ions are each bridged by two 
thiolate groups from cysteinyl residues and are also bound to a nitrogen atom from a histidine residue. CuA 
copper protein active sites such as nitrite reductase are involved in long-range electron transfer reactions. 19 
Scheme 1.2 (f) shows a schematic representation of the active site of nitrous oxide reductase 
Cue active site 
Cue active sites are found in cytochrome c oxidase enzymes. The copper atom is coordinated by 
three histidines in a trigonal pyramidal geometry. These active sites are known for their close proximity to 
an iron center, as in the case of cytochrome c oxidase structure. The mononuclear copper center is 
coordinated by three nitrogen atoms from histidine residues, and the fourth position of the copper ion is 
vacant and pointed towards the heme iron ion, forming a trigonal pyramidal geometry. 20 When the protein 
is in the oxidized state, the copper and iron ions have strong antiferromagnetic coupling using an 0-atom 
bridge.20 The Cue active site is used in the four-electron reduction of dioxygen to water. Scheme 1.2 (g) 
shows a schematic representation of the active site of cytochrome c oxidase. 
Cuz active site 
The Cuz protein active site holds four copper ions, arranged in a distorted tetrahedron. They are 
coordinated by seven histidine residues, sulfur, and a hydroxide anion. This structure was identified by X­
ray crystallography on nitrite reductase. 16 The function of these Cuz active sites is to reduce NiO to Ni in 
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nitrous oxide reductase. The metal-metal distances between Cu2, Cu3 and Cu4 copper ions are very short 
(2.5-2.6 A). Therefore, they are regarded as metal-metal bonds; the distances between other copper centers 
are longer (3.0-3.4 A) .21 One of the copper ions is bound only to one histidine residue; this provides an 
empty coordination site, so that the substrate may bind to the active site. The oxidation states of the copper 
ions when the enzyme is in its resting state are not fully clear. 21.n Scheme 1.2 (h) shows a schematic 
representation of the active site of njtrous oxide reductase. 
1.3. Catechol oxidase and biomimetic complexes 
Catechol oxidase was initially discovered in 1937 and was found in various plant tissues and 
crustaceans.16 This particular enzyme contains a type-3 active site (see Figure 1.3); metalloenzymes with 
type-3 copper centers are characterized by their ability to reversibly bind dioxygen at ambient conditions. 
Catechol oxidase converts a variety of o-diphenols (catechols) into their corresponding oxjdized products, 
o-quinones, coupled with the reduction of molecular oxygen to water. 16 These types of reactions are 
recognized as catecholase activity. The resulting product will then be further transformed via an auto­
polymerization reaction into a brown pigment called melanin. Melanin is a biological response, thought to 
be used to protect damaged tissue against pathogens and insects. 23 
Figure 1.3. Overall structure of Catechol oxidase. Copper atoms are shown in orange, a helices in blue, P 
sheets in green, and disulfide bonds in yellow. Figure from reference 23. 
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Due to the diverse sources from which this enzyme can be collected, the molecular weights of 
catechol oxidase enzymes vary. This is because the C-terminus of the amino acid chain can bind to different 
residues, which will inherently change the overall molecular weight of the enzyme. Two main ranges of 
molecular weights can be found, 38-45 kDa and 55-60 kDa. Similar enzymes with smaller molecular 
weights have also been discovered; however, they are usually derivatives of catechol oxidase. 16 
1.3.1 .  Catalytic mechanism of catechol oxidase 
As stated above, catalysis of the oxidation of catechol into quinone in the presence of molecular 
oxygen is governed by catechol oxidase as shown in Scheme 1.3. 
OH 
02 2 H20 
2cc� '>.. / .. � Catechol Oxidase OH 
Scheme 1.3. The catechol oxidation reaction. 
2�0 
�o 
The catalytic cycle of catechol oxidase, as determined based on structural, spectroscopic, and 
biochemical data is outlined in Scheme 1.4. 17 Two molecules of catechol are oxidized per catalytic cycle, 
coupled with the reduction of molecular oxygen to water. The mechanism starts with the native resting met 
(Cu11Cu11) state form of the enzyme (top left structure in Scheme 1.4), with one molecule of catechol binding 
to the active site while one proton is produced as a byproduct. The bound catechol is then oxidized, 
producing a molecule of quinone and the resulting deoxy (Cu1Cu1) form of catechol oxidase (bottom right 
structure in Scheme 1.4). At this point, the two Cu+ ions are no longer bridged by a hydroxide; instead, one 
copper(I) ion is coordinated by a water molecule resulting from the OH- bridge combined with the second 
proton from the catechol that has been oxidized. The other copper(l )  ion is only bound to three histidine 
segments. One equivalent of molecular dioxygen and a second molecule of substrate then bind to the copper 
ions, re-oxidizing the copper(I) ions to copper(II)  and forming the oxy (Cu11Cull) state (bottom left structure 
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in Scheme 1.4). A water molecule and a proton form as byproducts in this step. As the second catechol 
molecule is oxidized to the quinone, the "unused" protons and one oxygen atom form a second equivalent 
of water. With the release of the second substrate molecule, the enzyme returns to its native met state to 
begin the catalytic cycle again. 17 
�OH 
�OH H' 
Q 0 0 
Scheme 1.4. The accepted catalytic cycle of catechol oxidase. Redrawn from reference 16. 
1.3.2. States of catechol oxidase 
The crystal structure of catechol oxidase was initially resolved from Jpomoea batatas (sweet potato) 
by Krebs and co-workers in 1998. 17 The isolated enzyme with a molecular weight of 39 kDa was found to 
have an ellipsoid form, having the dimensions of 55 x 45 x 45 A3. The secondary structure of the enzyme 
consisted of an a-helical structure, with four a helix structures forming the core of the enzyme. This core 
al lows the copper ions to be coordinated by six histidine residues as shown in the Figure I.3. 17 
Comprehensive crystallographic studies led to the identifications of three states of the catalytic cycle of the 
enzyme: native met, reduced deoxy, and dioxygen bound oxy state. 
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The native met (Cu11Cu11) state 
In this state, the copper ions are about 2.9 A apart, the shortest distance in all three states. As 
mentioned in the above section, the active site of the enzyme consists of two copper(II) ions, each 
coordinated to three histidine residues, and bridged by a hydroxyl group (Figure 1.4). 16 This coordination 
to the copper ions forms a trigonal pyramidal geometry at each copper center. This is considered to be the 
native resting state of the enzyme. A bridging species, most likely a hydroxy anion was found in the 
proximity of the two metal centers. The EPR data suggests a strong antiferromagnetic coupling between 
the two copper ions. 1 7 
Figure 1.4. The native resting met state of catechol oxidase. Redrawn from reference 16.  
The reduced deoxy (Cu1Cu1) state 
When the first bounded catechol molecule is oxidized, the copper(II) ions are reduced to copper(I), 
producing the deoxy form, pictured in Figure 1.5. The distance between the two copper ions increases to 
4.4 A.17 Other structural changes of the bound histidine residues are minimal, and no other changes were 
observed for other residues of the protein structure. The copper(!) ions have different coordination 
geometries. A water molecule is situated roughly 2.2 A away from one of the copper ions, resulting in a 
distorted trigonal pyramid geometry while other copper ion is coordinated by three nitrogen atoms from 
three histidine residues with an open coordination site. 17 
Figure 1.5. The reduced deoxy state of the dinuclear enzyme. Redrawn from reference 16 .  
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The dioxygen bound oxy (Cu11Cull) state 
The oxy state (pictured in Figure 1.6) is generated when the copper(I) active centers reacts with one 
equivalent of molecular oxygen and brings the copper ions closer to form the dicopper center (Cu11Cuu). 
The oxy state of catechol oxidase can also be obtained by taking the met native state and treating it with 
hydrogen peroxide. 16 The geometry of the copper(II) active centers can be described as distorted trigonal 
bipyramid. Treatment of the catechol oxidase with hydrogen peroxide leads to absorption bands at 343 nm 
(e = 6500 M-1 cm-1) and 580 nm (e = 450 M-1 cm-1), when the 6 equivalents of H202 are added. 16 
Figure 1.6. The di oxygen bound oxy state of the dinuclear enzyme. Redrawn from reference 16. 
1.4. Catechol oxidase biomimetic models 
As mentioned above, the structure of the catechol oxidase enzyme shows a dicopper(ll) moiety at 
the active center. To mimic the model of the enzyme and probe its mechanism, several dicopper(II) 
complexes with similar ligand environment have been designed.24-28 Besides these copper-based models, 
lots of other transition metal mimics have also been reported over the years. 
Catecholase activity of metal complexes is measured by diverse factors. It is difficult to identify 
the relationship between the structure of the complex with its activity. Correlating the catecholase activity 
with metal-metal separation, studying the electrochemical properties of the complexes, and determining the 
influence of ligand structure or exogenous bridging ligand have been attempted by numerous research 
groups. In this particular study, focus has been given to identify the copper-based models for bio mimicking 
the active site of catechol oxidase and identify their mechanisms. 
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From the large number of copper(II) complexes that have been investigated, we present here some 
significant dinuclear copper complexes and their mechanisms of oxidizing catechol substrates. One 
example pictured in Figure I .7 is based on a ligand having a phenol as a bridge between the two copper 
ions. Each copper ion is found in a distorted square pyramid geometry made up by the coordination of two 
nitrogen atoms (from pyridine), one tertiary amine, and one hydroxide anion. The Cu··· Cu distance is 3.016 
A, with a Cu-0-Cu angle of 128.65°.25 
[Cu2(LR)(H20)i]3+ 
(bis aqua complexes) 
OH-
R 
A 
N 0 N
W ' /  .......... / ""=:: Ou'-.... /Cu�_NI I o \ � N H N �  I � 
[Cu2(LR)(m-OH)i]2+ 
(u-OH complexes) 
Figure 1.7. Structures of [Cu2(LR)(H20)2t3 and [Cu2(LR)(µ-OH)t2 complexes. Redrawn after Belle and 
co-workers. 25 
This detailed study was reported by Belle and co-workers.25 The authors investigated the binding 
of tetra-chlorocatechol (TTC) and 3,5-di-terL-butylechalechol (3,5-DTBC) (in anaerobic conditions) to the 
catalytic active [Cu2(LR)(H20)2r3 and [Cu2(LR)(µ-OH)t2 complexes. However, µ-hydroxo complexes 
have shown greater activity, because the µ-hydroxo complexes are rather easily oxidized or reduced than 
the corresponding bis( aqua) complexes. Both complexes are able to oxidize 2 equivalent of substrates and 
the difference in reactivity between the µ-hydroxo and the bis(aqua) complexes was also revealed in the 
TCC binding process itself. 
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Substrate specificity studies have shown that the coordination between substrate and catalyst is 
bidentate. The oxidation of meta- or para-diphenols is not allowed because bidentate coordination of these 
substrates to the dinuclear center of the catalyst geometrically hard to achieve. The µ-OH bridge was 
cleaved in the products of ortho-diphenol substrates according to the EPR studies. 1 9F NMR studies have 
clearly shown that from the µ-OH complex two different adducts are generated. From the bis(aqua) 
complexes they are hard to distinguish. It must be mentioned that the greater copper-copper distance in the 
bis( aqua) complexes is unfavorable to a bridging bidentate coordination of a catecholate substrate as stated 
by other research groups. 12•13 They have observed bridging bidentate coordination of one ortho-diphenol 
substrate on one µ-OH complex. When the proton balance is taken into account, they have identified that, 
it is not a true bridging bidentate but a monodentate coordination associated with the second phenol group 
of the catechol substrate and the hydroxyl group bound to the second copper center. Then a proton transfer 
process is taking place, followed by displacement of a water molecule (See Figure 1.8).25 
DTBC 
I 
Product 
Figure 1.8. Proposed mechanism for the interaction between the dinuclear [Cu2(LR)(µ-OH)]+2 complex and 
DTBC. Redrawn after Belle and co-workers.25 
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Neves and co-workers have synthesized a dicopper(II) complex obtained with an asymmetric 
ligand HTPPNOL (see Figure 1.9), and they have studied the catecholase activity of this complex at different 
pH values. 26 The pH titrations identified that the water molecule coordinated to one of the copper centers 
of the catalyst undergo deprotonation with a formation of a hydroxy group at above pH 8 values. Activity 
of the catalyst was significantly enhanced at pH 8.05, when the hydroxide containing species is present at 
the solution. The authors have also stated that the hydroxide group assist the deprotonation of the substrate. 
This facilitate the binding of the substrate to the dicopper(II) center. This assumption is consistent with the 
work of Belle and co-workers.25 Neves and co-workers observed an apical coordination of the hydroxide 
anion which is different from the bridging coordination which was observed by Belle and co-workers.25 
OH" 
� » 1·  
N�N / 
"""' 1 __ 0 ____ \ 
b \ I OH oyo 02 
t-Bu 
Figure 1.9. Proposed mechanism for the interaction between the unsymmetrical dinuclear 
[Cu2(TPPNOL)(OAc)(H20)]2+ complex and 3,5-DTBCH2. Redrawn after Neves and co-workers.26 
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Neves and co-workers have again carried out an investigation of a similar type, using a symmetric 
dinuclear copper(l l )  complex [Cu2(H3BBPPNOL)(µ-OAc)(H20)2] (see Figure I.I 0) which has an acetate 
bridge between two copper(II) centers.27 Again, they have identified a pre-equilibrium between and the 
complex and its deprotonated form due to the fact that the oxidation reaction was found out to be pH 
dependent. Hence the coordination of the di phenol as a bridging ligand prior to the electron transfer reaction 
is identified. Since the incoming catecholate is a stronger ligand than the acetate group leads to the 
replacement of the acetate by the catechol substrate. Then the electron transfer reaction takes place to 
oxidize the catechol substrate to corresponding ortho-quinone. These copper(I) centers are immediately 
oxidized back to copper(II) in the presence of molecular oxygen.27 
pH 8 
12 N�N:?.S) 
� I o \ � Cu11-- --Cu11 I N- "'-.. ,,,. -N A A Q Q/ or 
t-Bu� 
\.eu 
Figure 1.10. Proposed mechanism for the interaction between the dinuclear [Cu2(H3BBPPNOL)(µ-
OAc)(H20)2] Complex and 3,5-DTBCH2. Redrawn after Neves and co-workers.27 
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The example in Figure 1 . 1 1  depicts four dinuclear copper complexes that contain bridging 
pyrazolate ligands. ln the complex 1 ,  each copper ion is also bound to a hydroxyl bridge and two nitrogen 
donor atoms. The fifth position for each copper ion is filled by a counter ion or solvent molecule (in this 
case, methanol), as confirmed by X-ray crystallography. This coordination results in a rough square planar 
geometry. The Cu-Cu distance is 3.540 A, which is longer than previous examples discussed above, but 
considering the long arms of the ligand is a moderate distance.28 
Figure 1.11. The dinuclear copper(II) complexes of various pyrazolate ligands. Redrawn after Meyer and 
co-worker.28 
In the mechanistic investigation of the above complexes, Meyer and co-workers observed hydrogen 
peroxide as a byproduct (see Figure 1 . 12). Authors have come to a conclusion that the reaction between 
reduced dicopper(l )  and dioxygen leads to a formation of a dinuclear copper(II) peroxo complex which 
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eventually releases the H202. They have also stated that prior to the conversion of a further substrate, release 
DTBC 
Cu11--------Cu11 
DTBQ + 2H+ 
.. Cu1----Cu1 
Figure 1.12. Proposed mechanism for the interaction between dinuclear copper(II) complexs of pyrazolate 
ligands and 3,5-DTBC. Redrawn after Meyer and co-workers.28 
The example represented in Figure 1 . 1 3  has two copper ions surrounded by a macrocyclic ligand. 
Each copper ion is bound to four nitrogen atoms from this macrocyclic ligand (two from pyrazole, one 
tertiary amine, and one from pyridine); in addition, a hydroxide ion acts as a bridge between the two Cu(II). 
This environment around the Cu(II) ions is best described as a distorted trigonal bipyramid with the copper 
ions lying in the same plane as the macrocycle and the pyridine rings cis to one another above the moiety. 
The Cu ··· Cu distance is 3.7587 A with a Cu- 0 - Cu angle of 155.97°.29 
Figure 1.13. The structure of the complex cation of [Cu2([22]py4pz)(µ-OH)]3+. Redrawn after Koval and 
co-workers. 29 
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Mechanistic investigation of this model copper complex has been carried out using 3,5-DTBC as 
the substrate and in the first stage of the mechanism, a stoichiometric oxidation of catechol by 
[Cu2([22]py4pz)(µ-OH)]3+ takes place. This step does not require dioxygen. In the second step, the reduced 
complex reacts with dioxygen to form a trans-µ-1 ,2-peroxo-dicopper(II) species. This species oxidizes a 
second catechol substrate to its corresponding quinone via an intermediate step by transferring two electrons 
from catechol to the peroxo complex. Initially the proton transfer from substrate to copper complex takes 
place and then the oxidation of the substrate is carried out as shown in the Figure 1 . 1 4. 
Hence two equivalents of quinones are produced per one catalytic cycle. The authors identified that 
the dioxygen is bound in a trans µ- 1 ,2 fashion. The two-step oxidation mechanism of the substrate by the 
formed peroxo-dicopper(II)  core with the formation of the hydroperoxo-dicopper intermediate takes place. 
[Cu(OOH)Cu-DTBCH] 
Cu11 Cu11 
�/ 
H 
Cu1 Cu1 
DTBQ 
Figure 1.14. Proposed mechanism for the interaction between the dinuclear [Cu2([22]py4pz)(µ-OH)]3+. 
Complex and 3,5-DTBCH2. Redrawn after Koval and co-workers.29 
Das and co-workers studied several phenol based dicopper(II) complexes and the mechanism of 
one of these complexes is shown in the Figure 1 . 1 5 .  Initial binding of the substrate to the dicopper center 
is similar to Belle and co-workers, where the hydroxo bridge assists in the deprotonation of the catechol 
substrate.30 Then the electron transfer process takes place to oxidize the bound substrate to its corresponding 
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quinone while the dicopper(l l )  centers are reduced to dicopper(I). Again, dioxygen leads to the formation 
of dinuclear peroxo complex via oxidation and this oxidized state. helps converting a second catechol 
substrate to quinone via a two-step process. But in contrast to Meyer and co-workers, Das and co-workers 
did not identify generation of Hi02 during the catalytic cycle. Two quinones are produced per catalytic 
cycle similar to the findings of Koval and co-workers.29 
�OH 
�OH H+ 
\.) .. 
Figure 1.15. Proposed mechanism for the interaction between the dinuclear Complex ( I )  and o-catechol. 
Redrawn after Das and co-workers.30 
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Casella and co-workers synthesized several di-copper complexes and investigated their 
mechanisms of oxidizing DTBC.31 The complex they have prepared using L-66 ligand (as shown in Figure 
1 . 1 6) reacted directly with DTBC while reducing to Cu(I) state, then the reduced complexes were oxidized 
using molecular oxygen. 
Figure I.16. The structure of the L-66 ligand. Redrawn after Casella and co-workers.28 
lcu11 --· cu11I 
DTBC 
DTBQ + 2 W  
Cu1 ••• Cu1 
DTBC-H2 
Figure I.17. Proposed mechanism for the interaction between the dinuclear complex and DTBC. Redrawn 
after Casella and co-workers.31 
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Then, Casella and co-workers studied the effect of hydrogen peroxide in the catechol oxidation 
reaction, the kinetics were followed under conditions close to DTBC saturation in the presence of variable 
amounts of H202. The rates for the second phase of the reaction as a function of hydrogen peroxide 
concentration were reported.31 For the copper complex synthesized using ligand L-66 ([Cu2(L-66)]4+ ) the 
rate was strongly affected by Hi02, and a linear dependence between the rate and H202 concentration was 
found. This behavior can be associated with the slow re-oxidation reaction of the dicopper(I) intermediate, 
which instead of reacting with d ioxygen prefers to react with hydrogen peroxide, following path IV of the 
Figure 1 . 1 7. 
1.5. Our approach 
When trying to identify the relationship between structure and properties of these model complexes 
to catechol oxidase activities, several factors must be considered. As described above there is a wide 
structural diversity among the model complexes used so far, so it is rather difficult to arrive at an accurate 
conclusion about the changes required for the preparation of complexes with greater catecholase activity. 
To experimentally address this issue, we synthesized a set ofligands which, upon coordination to copper(II) 
centers, would produce complexes of the general structure shown in Figure 1 . 1 8. The ligands consist of two 
bis(pyrazolyl)methane donor groups attached to a phenol core through an amide bond. After deprotonation 
of the amide and phenol moieties, they should act as di-compartmental ligands, accommodating two Cu(II) 
centers, with the phenoxide portion acting as a bridge between the metal ions. The remaining coordination 
centers of the copper centers will be filled by the bis(pyrazolyl)methane groups and only a negatively 
charged exogenous bridge would be needed to achieve neutrality. 
Within this model system, there are three possible modifications which could lead to a change in 
activity. In region I, by replacing electron donation or electron withdrawing rings in the central aromatic 
ring, the electronic properties of the ligands can be regulated in a fine manner. In region II, a wide variety 
of exogenous bridges can be selectively positioned within these complexes either by selecting a suitable 
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copper(II) starting material or by exchanging a bridge with another. Finally, the steric demands of the 
ligands around the metallic centers can be modified by using 3,5-substituted pyrazoles, as showed in region 
III .  Because of these characteristics, this model system offers multiple possibilities to study the effect of 
various factors on the structure-function relationship that affects the catecholase activity of these model 
compounds by making changes in one region while maintaining the others the same. Hence, the influence 
of this particular change on the properties of our complexes can be quantified with precision. 
'-.-/ = oH-, CH,o-' R-coo-, x-. N, -
Figure 1.18. Schematic representation of Cu(ll) complexes supported by carboxamido-
bis(pyrazolyl)methane ligands, and the three regions of potential modifications; x- = Cl-, Br-, CN , SCN-. 
In this particular work, we want to present the synthesis and characterization of five new copper 
(II) complexes supported by ligands having different substituents grafted onto the central arene ring. We 
studied the influence of changes in region I on the catechol oxidase activity of the complexes formed. The 
properties of these complexes were examined, and their catalytic activity was thoroughly examined by a 
combination of regular and anaerobic tests. Based on the results obtained, a mechanism for the oxidation 
of catechol is proposed, in which the oxidation process takes place through two parallel catalytic 
mechanisms, one involving molecular oxygen and the second involving hydrogen peroxide, the byproduct 
of the initial reaction. 
24 
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II. Experimental 
II.1. General considerations 
Unless otherwise noted, all operations were performed in ambient atmosphere. Experiments 
requiring oxygen and moisture free conditions wt:n: can-ied out under an inert gas (nitrogen or argon) 
atmosphere, using standard Schlenk techniques or a MBraun LabStar dry-box. When needed, solvents were 
dried by conventional methods and distilled under a dry N2 atmosphere immediately prior to use. Oxygen 
free solvents were prepared by bubbling argon through the solvents for at least 1 2  hours. NMR spectra were 
recorded using a 400 MHz Bruker Avance FT-NMR Spectrometer. Infrared spectroscopy was performed 
on a Nicolet iS I 0 in a KBr matrix. UV-Vis spectroscopic investigations were done on a Cary I 00 Agilent 
Spectrophotometer and the graphs were prepared using the Spectragryph software. 1 The dicarboxylic 
acids2•3 and bis(pyrazolyl)ethanamine starting materials were prepared as described in the literature. 4-6 All 
other reagents used in the syntheses described below are commercially available (Sigma-Aldrich, Across, 
TCI America, Oakwood) and used without further purification. 
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11.2. Syntheses and characterization 
11.2.1. Synthesis of bis(pyrazolyl)ethanamine, H2N-CH2-CH(pz)i (1)  
This compound was prepared in three steps by following a published procedure according to the 
scheme shown below. 4 
/o�NHa eth•nol 
,.....o reftux, 4 hre 
(A) 
pyruole pTaOH, N2 
2110-220 •c 
4 h  .. 
a) 2-(2,2-dimethoxyethyl)-benzo[ d,e]isoquinoline-1,3-dione (A). 
(B) 
toluene 
reftua 24 h,. 
(1) 
1 ,8-napthalic anhydride ( 19.82 g, 0. 1 0  mol) and 1-aminoacetaldehyde dimethylacetal ( 12.49 g, 0.12 
mol) were heated at reflux in ethanol (250 mL) for 4 h. The solution was allowed to cool to room 
temperature, whereupon the desired compound deposited as a crystalline solid. The solvent was removed 
via rotary evaporation and the solid was dried under vacuum to yield 27.75 g (0.097 mol, 97.3%). 1H NMR 
(400 MHz, CDCb) 8: 8.61 (dd, J = 7.2 Hz, 2H, napth.), 8.22 (dd, J = 8.7 Hz, 2H, napth.), 7.76 (dd, J = 8.7, 
7.2, I Hz, 2H, napth.), 4.92 (t, J = 7 Hz, 2H, CH(OMe)2), 4.40 (d, J = 7 Hz, 4H, N-CH2), 3.42 (s, I 2H, 
b) 2-(2,2-dipyrazol-1-yl-ethyl)-benzo[ d,e] isoquinoline-1,3-dione (B). 
A mixture of A (27.75 g, 0.097 mol), pyrazole ( 19.86 g, 0.292 mol) and p-toluenesulfonic acid 
monohydrate ( 400 mg) was heated for 4 h at 200-220°C under nitrogen in a short path distillation apparatus 
(to collect methanol). After cooling to room temperature, the solid was dissolved in CH2Ch and rinsed with 
I 000 mL of concentrated aqueous potassium carbonate solution followed by 1000 mL of water to remove 
excess pyrazole. The organic fraction was dried over sodium sulfate and the solvent was removed by rotary 
evaporation. The remaining solid was dried under vacuum to yield 3 1 .35 g (90.5%) of product. 1 H NMR 
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(400 MHz,CDC'3)8: 8.54 (dd, J = 7.2, I Hz, 2H napth), 8 . 19 (dd, J = 8. 1 ,  1 Hz,2H, napth), 7.83(d, J = 2  
Hz, 2H, 5-pz), 7.72 (dd, J = 8 . 1 ,  7.2 Hz, 2H, napth), 7.47 (d, J = I Hz, 2H, 3-pz), 7 . 14  (t, J = 7.2 Hz, I H, 
CH(pz)2), 6.26 (dd, J = 2, I Hz, 2H, 4-pz), 5.29 (d, J = 7.2, 4H, N-CH2). 
c) bis(pyrazole)etbanamine (1). 
Compound B (40.0 g, 0. 1 1 2 mol) was suspended in warm toluene (250 mL). Hydrazine 
monohydrate (40 mL, 0.825 mol) was added, and the mixture was heated to reflux overnight. After cooling 
to room temperature, the toluene and excess hydrazine were removed by rotary evaporation and the solid 
dried under vacuum. The solid was rinsed with two 100 mL portions of H20 to extract the desired amine. 
The water was removed via rotary evaporation to yield the product as an oily brown solid ( 1 2.0 g, 60.5%). 
1H NMR (400 MHz, CDCb) 8: 7.60 (d, J = 2 Hz, 2H, 5-pz), 7.58 (d, J = 1 Hz, 2H, 3-pz), 6.37 (t, J = 7 Hz, 
I H, CH(pz)2, 6.30 (dd, J = 2, I Hz, 2H, 4-pz), 3.78 (d, J = 7 Hz, 2H, N-CH2). 
II.2.2. Synthesis of 2-Methoxy-1,3-dimethylbenzene (2,6-Dimethylanisole) (2) 
H 
acetone 
* 
OCH3 
(2) 
A two-neck round bottom flask was charged with a stir bar, K2C03 (22.0 g, 160 mmol) and acetone 
(250mL). To this suspension, 2-Hydroxy-m-xylene ( 1 5.5 g, 125 mmol) was added. Mel ( I  5 mL, 240 mmol) 
was added dropwise overnight and under reflux. The mixture was allowed to cool at room temperature and 
filtered. Removal of the solvent produced the desired compound as a white powder. ( 1 2  g, 70.4 %). 1 H NMR 
(400 MHz, CDCb) 8: 2.26 (s, 6 H,CH3); 3.69 (s, 3H, MeO); 6.86-6.91 (dd, J=3, I arom. H); 6.97-6.99 (d, 
J=2,2 arom. H). 
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11.2.3. Synthesis of 2-Methoxybenzene-1,3-dicarboxylic Acid (3) 
(2) 
H 
OH OCH3 OH 
(3) 
2,6-Dimethylanisole ( I  2g, 88mmol) was suspended in 100 mL H20 and heated to 60° C on an oil 
bath. KMn04 ( 45 g, 285 mmol) was added in two portions. First portion was added and, when the violet 
color was diminished, the rest was poured in to the solution. The mixture was stirred overnight at 60° C, 
and then filtered while still hot. The black precipitate was washed with hot water. The filtrate was 
concentrated to I 00 mL using rotary evaporation and acidified to 3 pH to obtain a precipitate. The 
precipitate was filled and dried to in air to obtain 1 3.7 g (79.3 %) of the product. 1H-NMR (C0300, 400 
MHz) 5: 3.87 (s,3H, Me); 7. I 8-7.23(t, J=3, 1 H, arom); 7.86-7.89 (d, J=2, 2H, arom). 
11.2.4. Synthesis of 2-Hydroxyisopbtbalic Acid (4). 
H 
OH OCH3 OH 
(3) 
0 33
o/e HBr I AcOH 
H 
OH OH OH 
(4) 
0 
A 250mL RBF was charged with a stir bar and 33 % HBr/AcOH (20 ml). Compound 3 (3.0 g, 1 5.3 
mmol) was suspended in the solution and heated to 120° C in an oil bath with vigorous stirring until the gas 
evolution diminished ( I  0 min). The homogeneous yellow- orange color mixture was then cooled to room 
temperature and diluted with H20 until the product started to precipitate. The product was filtered, washed 
with H20, and dried in air. A colorless powder (2.6 g, 93.3 %) was obtained. 1H-NMR (CDJOD, 400 MHz) 
o: 7 . 1 2-7.1 7(t, J=4.5, 1 H, arom); 7.83-7.86 (d, J=J.5, 2H arom). 
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11.2.5. Synthesis of 4-(tert-Butyl)-2,6-bis[ ( 4S)-4,S-dihydro-4-isopropyloxazol-2-yl) phenol (5) 
OH 
1) 3n. CHzO 
10% NaOH 
2) HCI 
OH OH OH 
(5) 
The title compound was prepared by following a published procedure.7 4-(tert-Butyl)phenol ( I 00 
g, 0.67 mol) was dissolved in a mixture of I 0% aqueous NaOH (400 mL, 1 .0 mot) and 38% aqueous 
formaldehyde ( 1 1 0 mL, 1 .4 mot ) in a 1 000 mL beaker. The resulting solution was allowed to stand at room 
temperature for four days. The colorless precipitate formed was filtered off afterwards. It was washed with 
HiO and treated with concentrated HCI to protonate the sodium phenolate. Then the mixture was stirred for 
24 hours. The product was filtered off, washed with HiO, dissolved in CH2CL2, and dried using anhydrous 
Na2S04. The solution was concentrated to collect the final product; yield: 50 g (35.7%). 1H-NMR (400 
MHz, CDCb) 8: 1 .25 (s, 9H, t-Bu); 4.70 (s, I H, CH2); 7.03 (s, 2H, aromatic). 
11.2.6. Synthesis of 5-(tert-Butyl)-2-methoxybenzene-1,3-dimethanol (6). 
OH OH OH 
(5) 
acetone 
OH OCH3 OH 
(6) 
Compound (5) (50.0 g, 240 mmol) was dissolved in acetone in a two neck round bottom flask. 
Anhydrous K2C03 (33.0 g, 240 mmol) and Mel ( 1 8  mL, 290 mmol) was added to the solution. Mel was 
added dropwise overnight and under reflux. Then the mixture was cooled to room temperature and filtered 
to remove the precipitate. Resulting solution was rotary evaporated and dried in air to collect 37.1 g (69%) 
3 1  
of the product. 1H-NMR (400 MHz, CDCh) 8: 1 .3 1  (s, t-Bu); 2 . 17  ( t ,  J = 5.8, OH); 3.83 (s, MeO); 4.72 
(d, J = 5.8, 4H, CH20H); 7.34 (s, arom. H). 
Il.2.7. Synthesis of 5-(tert-Butyl)-2-mrthoxyisophthalic Acid (7). 
OH OCH3 OH 
(6) 
KMn04, NaOH 0 
OH OCH3 OH 
(7) 
0 
Compound (6) (22.4 g, I 00 mmol) was added to a I 000 mL round bottom flask containing 700 mL 
of water, and the mixture was heated to 50°C on an oil bath. Then NaOH ( 18.4 g, 460 mmol) and tri-
ethyl(methyl)amrnonium chloride ( 1 .0g) was added to the mixture and stirred vigorously. KMn04, (63.2 
g, 400 mmol) was added in portions and allowed to react for I hour. The mixture was then refluxed and 
cooled down to 60- 70°C. Excess KMn04 was destroyed by addition of EtOH. The warm mixture was 
filtered through a pad of Celite and washed with hot 5% aqueous NaOH solution. After chilling in an ice 
bath, the colorless filtrate was acidified with concentrated HCI to pH 1 .  The precipitate was filtered and 
washed with H20. A colorless powder (24.1 g, 92.3 %) was obtained by drying. 1HNMR (400 MHz, 
DMS0)8: 1 .29 (s, 9H, t-Bu); 3.2-3.5 (s, 2H, COOH); 3.78 (s, 3H, MeO); 7.79 (s, 2H, arom). 
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11.2.8. Synthesis of S-(tert-Butyl)-2-hydroxyisophthalic Acid (8). 
OH OCH3 OH 
(7) 
33% HBr 
AcOH 
0 
OH OH OH 
(8) 
0 
A suspension of the compound 7 ( 14 g, 55.9 mmol) in 33 % HBr/AcOH (60 ml) was added to a 
250 mL round bottom flask and heated to I 20°C in an oil bath with vigorous stirring until the gas evolution 
diminished ( I  0 min). The homogeneous yellow- orange color mixture was then cooled to room temperature 
and diluted with H10 until the product started to precipitate. The product was filtered and washed with H10. 
A colorless powder ( 1 0.4 g, 77.9 %) was obtained by drying the sample. 1HNMR (400 MHz, DMSO): 1 .28 
(s, 9H, t-Bu); 7.97 (s, 2H, arom). 
11.2.9. Synthesis of 2-hydroxy-4,6-dimethylisophthalic acid, Me2-Cdl(OH)-(COOH)2 (9). 
This compound was prepared in two steps by following a published procedure,6 according to the 
scheme shown below. 
1.) 
NaOMe 
methanol 2.) 
KOH 
reflux, 20 hours 
HCI 
·A· 
OH OH OH 
(1) 
a) Synthesis of dimethyl-2-hydroxy-4,6-dimethylisophthaJate, Me2-Cdl(OH)-(COOMe)z 
This compound was prepared by following a published procedure.3 To a solution ofNaOMe ( I  I 
.32 g, 2 1 0  mmol) in MeOH ( 120 ml), pentane-2,4-dione (20.6 ml, 200 mmol) and dimethyl 3-
oxopentanedioate (29.0 ml, 200 mmol) were added, and the resulting homogeneous mixture allowed to stir 
33 
at room temperature for 24 hours. After dilution with HiO (200 ml}, the mixture was acidified with 6 M 
HCI (60 ml) then extracted with dichlormethane (3 x 100 mL). The combined organic phases were dried 
over anhydrous Na2S04. The solvent was removed under vacuum and the residue recrystallized from a 
d ich loromethane/hexanes mix tu re, producing the desired product; yield: 3 7. 9 g (79% ). 1 H-N MR ( 400 MHz, 
CDCb): o 1 1 .8 1  (s, 1 H, -OH), 6.60 (s, I H, C6H), 3.96 (s, 6H, C6H(CH3)2), 2.41 (s, 6H, -O-CH3). 
b) Synthesis of 2-hydroxy-4,6-dimethylisophthalic acid, Me2-CJI(OH)-(COOH)2 
This compound was prepared by following a published procedure.3 A 250 mL flask was charged 
with a stir bar, potassium hydroxide (3.8 g, 68 mmol) and 100 mL of water. Once dissolved, Me2-
C6H(OH)(COOMe)2 (4.3 g, 1 8  mmol) was added and allowed to reflux overnight. The solution was allowed 
to cool, and the pH was lowered to 1 .0 by use of hydrochloric acid, producing a white precipitate. This 
mixture was then filtered and washed multiple times with water until the pH had risen to 7.0. The product 
was allowed to dry in air to obtain the title compound (2.45 g, 64.8 %). 1H-NMR (400 MHz, DMSO): o 
Il.2.10 General procedure for ligand preparation 
·y{y·· oyYyo o�: o R1 R2 R3 Lio••• H H H HHH-L H t-Bu H Ht-BuH-L 
OH OH OH 
jNH OH HNl Me H Me MeHMe·L 
CZ l:)Cz l:) 
A I 00 mL round bottom flask was charged with a stir bar and the desired acid starting material (5 
mmol). Pyridine ( 1 0  mL) was added and the content of the flask was allowed to stir until the dissolution of 
the acid. To the resulting solution H2N-CH2-CH(pz)2 ( 1 .861  g, I 0.5 mmol in I 0 mL pyridine) was added. 
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The resulting mixture was heated at 75° C and stirred for 30 minutes. At this point. triphenyl phosphite 
(3.879 g, 3.25 mL, 12.5 mmol) was added and the resulting solution was refluxed overnight. The flask was 
al lowed to cool to room temperature. After removal of the volatiles, the resulting oily residue was dissolved 
in chloroform ( 1 50 mL) and washed with dilute ammonium chloride solution ( 4 x 1 50 mL), then with brine 
solution (4 x 100 mL). The chloroform was removed under vacuum, producing an oil. Trituration with 
hexanes afforded the desired compound as a white powder. 
HHH-L: yield 1 .33 g (53.4 %). 1H-NMR (400 MHz, DMSO): o 14.35 (s, 1 H, OH), 8.97 (br, 2H, C(O)­
NH), 8.02 (d, J = 2.0 Hz, 4H, 3-H pz), 7.92 (d, J = 7.8 Hz, 2H, Cdh), 7.55 (d, J = 1 .44 Hz, 4H, 5-H pz), 
6.97 (t, J = 7.84 Hz, 1 H, C6HJ), 6.90 (t, J = 7.32 Hz, 2H, CH(pz)2), 6.31 (t, J = 2 . 12  Hz, 4H, 4-H pz), 4.39 
(t, J = 6.08 Hz, 4H, NH-CH2). IR (KBr pellet, v I cm-1): 3372 (m), 3265 (m), 3 1 39 (w), 3 1 1 7 (m), 3081 (w), 
2955 (w), 1656 (s), 1 60 1 (s), 1 590 (s), 1 536 (s), 1435 (s), 1 39 1 (m), 1 363 (w), 1328 (w), 1280 (m), 1 2 1 9  
(w), I 195 (w), I 092 (s), I 045 (s), 997 (w), 952 (s), 9 1 7  (m), 889 (w), 849 (w), 8 1 8  (m), 754 (s), 691 (w), 
652 (m), 621 (s), 539 (s), 489 (m), 448 (w). 
HBu'H-L: yield 2.02 g (72.8 %). 1H-NMR (400 MHz, OMSO): o 1 3 .79 (s, 1 H, OH), 8.53 (t, J = 5.8 Hz, 
2H, C(O)-NH), 7.89 (s, 2H, C6H2), 7.60 (d, J = 2.3 1 Hz, 4H, 3-H pz), 7.56 (d, J = 1 .40 Hz, 4H, 5-H pz), 
7 . 1 4  (t, J = 7.48 Hz, 2H, CH(pz)2), 6.25 (t, J = 2.0 Hz, 4H, 4-H pz), 4.53 (t, J = 6.32 Hz, 4H, NH-CH2), 1 . 14 
(s, 9H, C(CH3)3). IR (KBr pellet, v I cm-1 ): 3371  (s), 3279 (m), 3 1 16 (w), 3077 (w), 2962 (m), 2870 (w), 
1 656 (s), 1 587 (s), 1540 (s), 1490 (w), 1456 (m), 1435 (w), 1 390 (s), 1369 (m), 1275 (s), 1 2 1 7 (m), 1 1 96 
(m), 1 1 25 (w), I 092 (s), 1 042 (s), 1007 (m), 95 1 (s), 9 1 7  (m), 90 I (w), 826 (m), 799 (m), 755 (s), 691 (m), 
652 (m), 621 (s), 522 (m), 490 (m). 
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MeHMe-L: yield 2.2 I g (83.9 %). 1H-NMR (400 MHz, DMSO): 8 9.54 (s, I H, -OH), 8.42 (t, J = 5.44 Hz, 
2H, C(O)-NH-), 8.02 (d, J = 2. 16  Hz, 4H, 3-H pz), 7.53 (d, J = l .32 Hz, 4H, 5-H pz), 6.90 (t, J = 7.32 Hz, 
2H, -CH(pz)2), 6.43 (s, I H, C6H), 6.31 (t, J = 2. 12  Hz, 4H, 4-H pz), 4.28 (t, J = 6.68 Hz, 4H, -NH-CH2-), 
1 .84 (s, 6H, C6H(CH3)2). IR  (KBr pellet, v I cm-1): 3446 (s), 3251 (s), 3 1 1 1  (m), 293 I (w), 1648 (s), 1 6 1 6  
(s), 1559 (s), 1 520 (s), 1453 (m), I 437 (m), 1 3 9  I (s), I 342 (w), I 297 (m), I 2 I 9 (s), I 092 (s), I 046 (m), 950 
(m), 9 1 8  (m), 8 1 6  (m), 757 (s), 709 (m), 650 (w), 620 (m), 532 (w), 459 (w). 
l l .2.11. Synthesis of MeBrMe-L 
DCM: MeOH = 3:2 
Br 
0 
NH OH HN 
cz1t)c?1) 
MeHMe-L (0.561 g, I mmol) was dissolved in 60 mL of the solvent (DCM: MeOH = 3:2). 
Tetrabutylammonium tribromide (CH3CH2CH2CH2)4N8r3 was dissolved (forming yellow color solution) 
in the same solvent and added to the mixture dropwise while stirring. The resulting solution was rotavaped 
to collect a white color powder. Product was purified by dissolving in DCM followed by extract 3 times 
with water. The DCM layer was rotavaped to collect the purified product: 0.6 1 7  g (95.6 %). 1 H-NMR (400 
MHz, DMSO): 8 9.22 (s, I H, -OH), 8.61 (br, 2H, C(O)-NH-), 8.0 I (d, J = 1 .84 Hz, 4H, 3-H pz), 7.53 (br 
4H, 5-H pz), 6.91 (t, J = 7.24 Hz, 2H, -CH(pz}l), 6.32 (br, 4H, 4-H pz), 4.28 (t, J = 6. 1 7  Hz, 4H, -NH-CH2-
), 1 .9 1  (s, 6H, C6H(CH3)2). IR (KBr pellet, v I cm-1): 3395 (s), 3252 (m), 3 1 23 (w), 3045 (w), 2864 (w), 
1 668 (s), 1636 (s), 1 594 (m), 1 556 (m), 1 5 1 9  (s), 1433 (m), 1 392 (s), 1 326 (s), 1295 (s), 1 237 (m), I 091 
(s), I 045 (m), 948 (m), 9 I 7 (m), 8 1 8  (m), 755 (s), 650 (w), 620 (m), 526 (w), 497 (m). 
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11.2.12. Synthesis of MeN02Me-L 
1 :2 fuming HN03'H2S04 
This ligand was prepared from MeHMe-L: A round bottom flask was charged with a stir bar, 
MeHMe-L ( 1 .06 g, 2 mmol) and concentrated sulfuric acid (5 mL) and placed in an ice bath. To the resulting 
suspension, a mixture of 5 mL concentrated nitric acid and 5 mL of concentrated sulfuric acid was added 
dropwise over a period of 1 hour. After reaching room temperature, the mixture was stirred for an additional 
hour, then slowly diluted with 50 mL of ice-cold water. The resulting precipitate was filtered and washed 
with copious amounts of cold water. The crude materiaJ was recrystall ized from DCM/Hexanes, to afford 
0.625 g (54.4 %) of the desired material. 1H-NMR (400 MHz, OMSO): o 9.99 (s, I H, -OH), 8.79 (t, J = 5.2 
Hz, 2H, C(O)-NH-), 8.0 I (d, J = 1.92 Hz, 4H, 3-H pz), 7.53 (d, J = 1 .32 Hz, 4H, 5-H pz), 6.90 (t, J = 7.24 
Hz, 2H, -CH(pz)i), 6.3 1 (t, J = 2 . 12  Hz, 4H, 4-H pz). 4.29 (t, J = 6 . 16  Hz, 4H, -NH-CH2-), I .  73 (s, 6H, 
C6H(CH3)2). IR (KBr pellet, v I cm-1): 3430 (s), 3256 (m), 3 1 22 (w), 3062 (w), 2970 (w), 1652 (s), 1 564 
(sh), 1 526 (s), 1436 (m), 1 392 (s), 1 324 (w), 1296 (w), 1238 (w), 1 196 (w), I 093 (m), I 045 (m), 95 1 (w), 
9 1 8  (w), 877 (w), 808 (w), 758 (s), 7 1 2  (w), 620 (m), 527 (w), 466 (m). 
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11.2.13 General procedure for complex preparation 
Caution! Although we encountered no problems during our experimental procedures, transition 
metal perchlorate complexes are potentially explosive and must be handled with care. 
0 0 
NH OH HN 
crr1:> cz:l1:> 
3 KOH 
Cu(CI04h • 6H20 
MeOH, 1hr. 
A 25 mL round bottom flask was charged with a stir bar and the desired ligand (0.2 mmol). 
Methanol (25 mL) was added, followed by 3 equivalents of KOH dissolved in methanol (5 mL). The content 
of the flask was kept under stirring until the dissolution of the solids. At thfa point Cu(CIQ4)2 · 6 H20 (2 
equivalents in 20 mL methanol) was added, and the mixture was stirred for about 30 minutes. The volatiles 
were removed under vacuum and the dry solids were taken in dry methanol. The insoluble inorganic 
materials were removed by filtration, and the complexes were isolated as green powders after removing the 
solvent under vacuum. 
HIDI-Cu2: yield 0.107 g (83.2 %). IR (KBr pellet, v I cm·1) :  3423 (s), 3 1 39 (w), 3 1 1 9 (w), 2924 (w), 2 8 1 8  
(w), 1595 (s), 1 534 (s), 1448 (w), 1425 (w), 140 1 (m), 1378 (m), 128 1  (m), 1206 (w), 1091 (s), 1070 (m), 
979 (w), 834 (w), 763 (s), 7 1 6  (w), 693 (w), 626 (s), 578 (w), 419  (w). 
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HBu'H-Cu2: yield 0. 1 09 g (78.2 %). IR (KBr pellet, ii I cm-1): 3458 (s), 3 1 1 6 (w), 2965 (w), 1637 (s), 1 57 1  
(s), 1541 (s), 1458 (w), 1409 (s), 1364 (w), 1289 (s), 1267 (m), 1209 (w), 1 1 44 (s), 1 1 1 5 (s), 1089 (s), 770 
(m), 637 (s), 626 (s), 4 1 8  (w). 
MeN02Me-Cu2: yield 0.083 g (57.8 %). IR (KBr pellet, ii I cm·1): 3440 (s), 1638 (s), 1595 (s), 1 57 1  (s), 
1 5 1 8  (s), 1 4 1 0  (s), 1354 (m), 1292 (m), 1 1 44 (s), 1 1 1 9 (s), I 089 (s), 770 (m), 637 (s), 627 (s). 
MeBrMe-Cu2: yield 0.128 g (85.5 %). IR (KBr pellet, ii I cm-1): 3458 (s), 1637 (s), 1 560 (w), 1 4 1 0  (w), 
1 384 (m), 1292 (m), 1 1 44 (s), 1 1 2 1  (s), I 088 (s), 768 (m), 636 (s), 626 (s), 4 1 9  (w). 
MeHMe-Cu2: yield 0 . 1 22 g (91 .3 %). IR (KBr pellet, ii I cm-1): 3428 (s), 3 1 1 4 (w), 30 13  (w), 1629 (s), 
1 572 (s), 1409 (s), 1338 (m), 1292 (m), 1 2 1 4  (w), 1 1 04 (m), I 070 (m), 981 (w), 768 (m), 683 (m), 6 1 9  (m). 
II.3. Catecbolase activity studies 
Catechol oxidase activity was investigated at 25° C by the reaction of the copper(II) complexes 
with 3,5-di-tert-butyl-catechol at 25° C in dioxygen saturated methanol by time-dependent UV/Vis 
spectroscopy. The characteristic absorption of the formed 3,5-di-tert-butyl-quinone at about 400 nm (E = 
1 740 M-1 • cm·1 ) was measured as a function of time. The kinetic parameters were determined as follows: 
DTBC (2.5, 5, 7 .5, I 0.0, 12.5, 1 5 .0, 1 7  .5, 20.0, 22.5, 25.0, and 30.0 equivalents) dissolved in methanol was 
added to a sample ( 1.00 mL) of a 2.5 · 1 0-4 M solution of complex in methanol in a 1 cm path-length cell. 
The final sample volume was kept constant at 2.5 mL and, accordingly, the final concentration of the metal 
complex was I · 1 0-4 M. During the first 1 50 seconds of the reaction, the development of the absorption 
band around 400 nm was monitored every 3 seconds. The average initial rates over three independent 
measurements were used in data treatment. To investigate the rate depenclt:nce on complex concentration, 
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a similar experiment was performed by keeping the final amount of DTBC constant (5 · Io-3 M) and adding 
increasing amounts of catalyst, from 5 · I o-s to 1 .5 · J0-4 M (corresponding to an increase from 0.0 I 
equivalents of catalyst up to 0.03 equivalents). 
Il.4 The detection of hydrogen peroxide in the oxidation reaction 
The detection of hydrogen peroxide was performed as described in the literature.8•9 Initially the 
reaction mixtures were prepared as the kinetic experiments. After I hour of the reaction an equal amount 
of water was added to the reaction mixture. Then the formed quinone was extracted three times with 
dichloromethane. Aqueous layer was acidified with H1S04 to about pH 2 to stop further oxidation. Then 
I ml of a I 0% solution of Kl and three drops of 3% solution of ammonium molybdate were added. Jn the 
presence of H202, iodide ions oxidize to h (H202 + 21- + 2H+-+ 2H20 + 12) and forms '3. (hcaq) + 1- -+ If ) 
with an excess of iodide ions. The formation of the triiodide ions can be detected using UV Nis spectroscopy 
due to the development of characteristic b· band (A. = 353nm, € = 26,000 M·1 cm-1). 
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4 1  
III. Results and Discussion 
ID.1. Ligand Design and Synthesis 
We prepared five new I igands as pictured in Scheme III. I ,  to study the effect of various R groups 
attached to the central phenolic body on the catalytic properties of dinuclear copper(II) complexes. The 
dicarboxylic acids1.2 and bis(pyrazolyl)ethanamine3 starting materials were synthesized as described in the 
literature. The ligands were obtained in moderate to good yields by the P(OPh)3 assisted reaction of the 
corresponding acids with two equivalents of 2,2'-bis(pyrazolyl)ethanamine in pyridine as solvent.4 The 
ligands we isolated were soluble in chlorinated solvents, acetone and acetonitrile, and insoluble in alcohols, 
diethyl ether and hexanes, and initially appeared as powders off-white in color. 
R�R1 + 2 
00('(0 OH OH OH 
Py, P(OPhh, 115° C, overnight 
R�RI 
00('(0 NH OH HN 
cli:>cz\:> 
R1 = R2 = H: HHH - L; R1 = H, R2 = t-Bu: HBu'H . L; R1 = Me, R2 = N02: MeNOiMe - L; R1 = Me, R2 =Br: lrfeBrMe • L; R1 = Me, R2 = H: lrfeHlrfe • L 
Scheme 111.1. Synthetic path toward the ligands described in this paper and the substitution pattern of the 
central arene ring. 
The purity of these ligands was checked using 1HNMR (see Figures III.1 and III.2). The NMR 
spectra of the ligands show the expected proton resonances for the structures of the ligands. 
For example, the 1H-NMR spectra of the HHH-L and MeHMe-L ligands are presented in the Figure 
III .  I and II l .2, respectively and they show the expected proton resonance for the structures of the ligands. 
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Figure ill.1. The 1H-NMR spectrum of the HHH-L ligand in DMSO. 
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Figure ID.2. The 1H-NMR spectrum oftbe MeHMe-L ligand in DMSO. 
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ill.2. Synthesis of Metal Complexes and their Characterization 
ill.2.1. General Aspects 
The reaction of Cu(CIQ4)2·6H20 with the deprotonated ligands (using KOH in methanol) produced 
the corresponding neutral copper(l l)  complexes as shown in Scheme 111.2. These compounds are green in 
color, soluble in alcohols, acetone, and acetonitrile, and insoluble in diethyl ether and hexanes . 
.A 
Br 
m � 
� 
H H tth•
"
� tt t ';l 't:.N-c -c ,NS H N'u��.ff H H N- � )...-N H � .-N H H ""'u� \: H � GO � � �  <5J � H� H � 
HHH-Cu2 HBu'H-Cu2 llleN02llle-CU2 llleBrtle-Cu2 llleHlll.-Cu2 
Scheme ID.2. Schematic representation of the dicopper(ll) complexes used in this work. 
ill.2.2. Infrared Spectroscopy 
Employing IR spectroscopy in a K.Br matrix, the coordination of the carboxamido group to the 
copper centers in the bulk powders was investigated (see Figures 111.3 - ll.7 - left and Table i l l. I ). The 
free ligands show the characteristic VNH stretching vibrations above 3250 cm·1 and the characteristic vco 
stretching vibrations around 1650 cm·1. When the ligands are coordinated to the metal centers, the VNH 
vibrations vanish, and the vco stretching vibrations move down to lower wavenumbers, suggesting ligand 
coordination to the Cu(II) ions through the deprotonated Nanudo atoms.5•8 The pyrazolyl C=N and N=N 
stretching vibrations were also seen as strong bands in the 1 594 - 1534 cm·• interval. 
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111.2.3. UV-Vis Spectroscopy 
All complexes were also characterized using UV/Vis spectroscopy in methanol (see Figures Ill .3 
-111 .7-right and Table III. I ). Each showed strong absorptions below 300 nm, which are assigned to intra-
ligand n - n* transitions. The less intense bands above 300 nm can be accredited to ligand-to-metal charge 
transfer (LMCT) transitions, either phenolate-copper(II) or hydroxide-copper(IJ) transitions, which usually 
appear from about 300 nm up to 4 75 nm.9•10•11 Weak Cu(ll) ligand field bands appear around 600 nm, 
suggesting a square-pyramidal coordination of the copper centers in solution.12•13 
Table ID.I. Summary of the IR and UV-Vis spectroscopic data of the synthesized compounds. 
Compound VNH I cm·' vco I cm·1 A.max I nm (E I M"1cm-1) 
HHH-L 3265 1656 -
HHH-Cu2 - 1595 32 I (5909); 605 (95) 
HBu'H-L 3279 1 656 -
HBu'H-Cu2 - 1637 329 (46 1 3 ); 6 1 0  (79) 
MeN02Me-L 3256 1652 -
MeN02Me-Cu2 - 1638 3 1 8  (5501 ); 605 ( 172) 
MeBrMe-L 3252 1668 -
MeBrMe-Cu2 - 1637 323 (5215); 446 (434); 595 ( 167) 
MeHMe-L 325 1 1648 -
MeHMe-Cu2 - 1 572 3 1 8  (5,237); 345 sh (2, 1 2 1 ); 596 ( 1 66) 
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Figure ID.3. Spectroscopic investigations of the MeHMe-L ligand and its MeHMe-Cu2 complex: top -
IR spectra (MeHMe-L red line and MeHMe-Cu2 blue line); bottom - UV-Vis spectra of the MeHMe-Cu2 
complex; the inset highlights the d - d transitions at 596 nm. 
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Figure ID.4. Spectroscopic investigations of the HHB-L ligand and its HBH-Cu2 complex: left - IR 
spectra (HHH-L red line and HBB-Cu2 blue line); right - UV-Vis spectra of the HBH-Cu2 complex; the 
inset highlights the d - d transitions at 605 nm. 
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Figure ill.5. Spectroscopic investigations of the HBu'B-L ligand and its HBu'H-Cu2 complex: left - IR 
spectra (HBu'B-L red line and HBu'B-Cu2 blue line); right - UV-Vis spectra of the HBu'B-Cu2 complex; 
the inset highlights the d - d transitions at 6 1 0  nm. 
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Figure ill.6. Spectroscopic investigations of the MeN02Me-L ligand and its MeNOzMe-Cu2 complex: 
left - IR spectra (MeNOzMe-L red line and MeN02Me-Cu2 blue line); right - UV-Vis spectra of the 
MeNOzMe-Cu2 complex; the inset highlights the d - d transitions at 605 nm. 
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Figure ID.7. Spectroscopic investigations of the MeBrMe-L ligand and its MeBrMe-Cu2 complex: left-
IR spectra (MeBrMe-L red line and MeBrMe-Cu2 blue line); right - UV-Vis spectra of the MeBrMe-Cu2 
complex; the inset highlights the d - d transitions at 595 nm. 
ID.3. Catechol Oxidase Activity 
The catechol oxidase properties of the five model complexes were first tested using 3,5-di-tert-
butylcatechol, 4-tert-butylcatecbol, 3-nitrocatechol, and pyrocatecbol. These experiments produced 
qualitative data showing that our complexes catalyze the oxidation of the 3,5-di-tert-butylcatechol quite 
efficiently and 4-tert-butylcatechol less so, and fail altogether to oxidize the last two substrates. 
Consequently, our studies made use of the di-tert-butylcatechol (DTBC) derivative. With a low redox 
potential, thjs substrate is easy to oxidize, and the resulting product, 3,5-di-tert-butyl-o-benzoquinone 
(DTBQ), displays a characteristic strong absorption around A. =  400 nm (e = 1740 M-1cm-1). Dioxygen 
saturated methanol was utilized in conducting reactivity studies. After being treated with 50 equivalents of 
DTBC (from a 1 .25 x io-2 M stock solution), solutions of the complexes (1.0 x 1 0-3 M)  were subjected to 
observation every two minutes via UV Nis spectra in order to obtain their absorption spectra. All of our 
complexes were proven to be catalytically active; the time dependent growth of the DTBQ absorption band 
is shown in Figures ID.8-ID.12 for all of the complexes. 
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Figure fil.8. Time dependent growth of the DTBQ absorption band (A. = 398 nm, 50 equivalents DTBC) 
using MeHMe-Cu2 as catalyst {spectra recorded every 2 minutes). 
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Figure fil.9. Time dependent growth of the DTBQ absorption band (A. = 391 nm, 50 equivalents DTBC) 
using BHB-Cu2 as catalyst (spectra recorded every 2 minutes). 
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Figure ll.10. Time dependent growth of the DTBQ absorption band (A.= 390 nm, 50 equivalents DTBC) 
using HBu'H-Cu2 as catalyst (spectra recorded every 2 minutes). 
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Figure ill.11. Time dependent growth of the DTBQ absorption band (A.= 390 nm, 50 equivalents DTBC) 
using MeN{}zMe-Cu2 as catalyst (spectra recorded every 2 minutes). 
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Figure ill.12. Time dependent growth of the DTBQ absorption band (A.= 393 nm, 50 equivalents DTBC) 
using MeBrMe-Cu2 as catalyst (spectra recorded every 2 minutes). 
Previous studies have shown that sometimes an inhibiting effect of the formed quinone has caused 
the catechol to be unable to be fully converted to quinone at high substrate to complex ratios.14•15 This led 
us to investigate the ability of our compounds to completely convert the substrate into the product. Our 
compounds were successful in doing so. In the case ofMeHMe-Cu2 we employed a combination of time-
dependent UV-Vis and 1H-NMR spectroscopies; for the remainder, we used NMR only. The time-
dependent UV-Vis scan ofDTBC to DTBQ conversion by MeHMe-Cu2 is shown in Figure IIl . 13.  After 
adding 10  equivalents ofDTBC to a solution of the complex, the final volume of the sample was brought 
5 1  
to 2.5 mL. A theoretical absorbance of J .060 was calculated as necessary to achieve full conversion of the 
substrate. After 240 minutes, the recorded absorbance was 0.985, corresponding to a 93% conversion of 
the substrate. The reaction was allowed to proceed for 660 more minutes after an additional 10  equivalents 
of substrate were added. The recorded absorbance was 1 .922, indicating a 96% conversion of the substrate. 
Subsequently, we performed an identical experiment to test the conversion at a higher substrate to catalyst 
ratio. This experiment used 50 equivalents of substrate, but the concentration of the reactants was adjusted 
to maintain a reasonable range of absorbance values. The recorded absorbance was 0.987 after 1,200 
minutes, consistent with a 94 % conversion of the substrate. 
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Figure ill.13. DTBC to DTBQ conversion - time scan by the MeHMe-Cu2 complex. 
1200 1400 
1H-NMR spectroscopy was used to both study the complete conversion ofDTBC into DTBQ at an 
even higher substrate to catalyst ratio ( l 00 : I )  and identify the product obtained after the oxidation 
experiments (Figure 111. 14). The oxidation of DTBC to DTBQ became apparent within minutes of mixing 
the catalyst and the substrate: three small and broad peaks characteristic of the qui none product appeared 
around 7.08, 6.23, and J .32 ppm in the spectrum. After 72 hours, the spectrum shown at the top of Figure 
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III.14 was recorded, showing the total conversion of DTBC to DTBQ. This is evident in the disappearance 
of the peaks corresponding to DTBC, leaving only those related to DTBQ. This NMR spectrum remained 
unchanged for three weeks, attesting to the stability of the product. An identical experimental procedure 
was performed using the HHB-Cu2 complex as a catalyst (Figure i l l . 15). The results were nearly the same, 
the only significant variance being that more time (96 hours) was required to achieve full conversion of the 
substrate to the final product. 
J 1 1. [Cu) + DTBC 72 hrs. II 
.J ll (Cu) + DTBC 10 min . -· ..... -11 
II � � 
�: A II u 
[Cu) 
Figure ID.14. 1H-NMR (CD30D) study of the DTBC to DTBQ transformation: the NMR spectra show: i) 
the full conversion of the DTBC into DTBQ and ii) the fact that DTBQ is the only product of the reaction; 
[Cu] represents the MeBMe-Cu2 complex. 
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Figure ill.15. 1H-NMR (CD30D) study of the DTBC to DTBQ reaction, showing the full conversion of 
the substrate and that DTBQ is the only product of the reaction; [Cu] stands for the HHH-Cu2 complex. 
Using the initial rate method, kinetic studies of the DTBC oxidation were conducted under pseudo-
first-order conditions in dioxygen saturated methanol at 25 °C. The initial reaction rates were determined 
for all complexes from the slope of the trace at around 400 nm in the first 150 seconds of the reaction, 
during which the absorption could be observed to increase in a linear manner. 
A first-order dependence on catalyst concentration was indicated by reaction rates which varied 
linearly with the concentration of the complexes (Figure i l l . 16). The concentration of the substrate was 
kept constant at 5 · I 0-3 M for the purposes of this experiment, and the concentration of the catalyst was 
increased from 5 · I 0-5 to 1 .5  · I 0-4 M (corresponding to an increase from 0.01 equivalents of catalyst up to 
0.03 equivalents). The pseudo-first-order rate constants kobs in Table lli.2 provide a first impression of the 
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way in which the activities of our compounds compare. The smallest constant was found in the 
unsubstituted BBB-Cu2 complex. From there, the constants gradually increase as the substitution of the 
central arene ring occurs at various positions. The MeHMe-Cu2 derivative exhibited the highest activity. 
The variation of the initial rates with substrate concentration was also investigated. From a 1 .25 · 
10·2 M stock solution of DTBC, various volumes (corresponding to 2.5, 5.0, 7.5, 10.0, 12.5, 1 5.0, 17.5, 
20.0, 22.5, 25.0, 27.5 and 30.0 equivalents) were added to a I mL sample of a 2.5 x l0-4 M stock solution 
of complexes. The final volume in the cuvette was kept constant at 2.5 mL and, accordingly, the final 
concentration of the metal complexes was 1 .0 x 10-4 M. During the first 150 seconds of the reaction, the 
development of the absorption band characteristic of the formed quinone was monitored every 3 seconds. 
The experimental results are depicted in Figure Ul. 1 7  and, in all cases, they revealed a saturation behavior 
with increasing substrate concentration. A Michaelis - Menten treatment of the data sets was applied, and 
the Vmax, and KM values were derived from the reciprocal Lineweaver-Burk plots (Figure l l i . 1 8); the kcat 
and kca1IKM values were also calculated and are listed in Table m.2. 
Table ill.2. Kinetic parameters for the catalytic oxidation of DTBC to DTBQ by the complexes studied in 
this work. 
Complex kobs (s"1) Vmax (M · s·1 ) KM (M) kcat (h"1) kcatf KM (M·1 • h"1) 
HHH-Cu2 2.28 x I 0-3 3.82 x 10-1 1 .23 x I 0·3 1 3 .8 1 . 1 3  x 104 
HBu1H-Cu2 2.51 x 10·3 5 . 17 x J0·7 1 .05 x 10·3 1 8.3 1 .74 x 104 
MeNOiMe-Cu2 4.19 x 10·3 5.92 x 1 0·1 1 .09 x I 0·3 2 1 .3 1 .96 x 104 
MeBrMe-Cu2 9.04 x 10·3 8.26 x 10·1 6.60 x I 0-4 29.6 4.48 x l 04 
MeHMe-Cu2 13.8 x 10·3 10.2 x 10·1 7.87 x 10-4 36.8 4.67 x 104 
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Figure ID.17. Effect of substrate concentration on the initial rate of DTBC oxidation: plots of the initial 
reaction rates versus substrate concentration. 
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Figure ID.18. The reciprocal Lineweaver-Burk plots for the complexes studied in this work. 
The substitution pattern of the central arene ring was proven to have an effect on the catalytic 
activity of our complexes. The smallest Vmax value was identified in the unsubstituted HHH-Cu2 complex. 
An increase in the activity of the H8u'H-Cu2 complex is caused by the attachment of the electron donating 
t-Bu group at the para position with respect to the phenol group. The most substantial increase in catalytic 
activity, though, occurred when the two electron-donating methyl groups at the meta positions were 
appended to the central arene ring, i.e. the MeHMe-Cu2 complex. Replacing the remaining H atom with 
the Br and N02 electron-withdrawing groups led to a reduction in the activity of the resulting complexes. 
The MeN02Me-Cu2 compound showed the most significant decrease in catalytic activity, due to the 
resonance effects of the N02 group. The decrease in the activity is not as significant in the MeBrMe-Cu2 
species, which displays no resonance effects, but rather inductive effects. 
A Linear correlation seems apparent between the !::. ve"'° values {!l vec0 = vec0 ligand -vec-0 complex) 
obtained from the IR data and the Vmax values found from the kinetic studies of the MeN02Me-Cu2, 
MeBrMe-Cu2, and Me11Me-Cu2 series, where the complexes present a similar substitution pattern (see 
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Table III.3). Figure lII.19 shows the plot of Vmax against D. vc-o and demonstrates that the higher the 
difference in the VCEQ shift after ligand coordination to the copper(Il) center is, the higher Vmax value that 
particular complex has. 
Table ill.3. The D. vc-o stretching vibrations and the Vmax values for the MeBMe-Cu2, MeBrMe-Cu2, and 
MeN(hMe-Cu2 complexes. 
Ligand vc-o (cm-1) 
MeHMe-L 1648 
MeBrMe-L 1668 
MeNChMe-L 1652 
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Complex vc-o (cm·1) fl vc-o (cm-1) Vmax (x 107) (M · s·1) 
MeHMe-Cu2 1572 76 10.1 
MeBrMe-Cu2 1637 3 1  8.6 
MeNOiMe-Cu2 1638 14 6.9 
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Figure IIL19. The plot of V max and kca1 against D. vc-o in the case of the MeNChMe-Cu2, MeBrMe-Cu1, 
and MeHMe-Cu2 series. 
m.4. Mechanistic Considerations 
A variety of mechanistic pathways have been identified by several research groups studying the 
mechanism of catechol oxidation by their model complexes. 16•17 Our methodology was to use tw.o of the 
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prepared compounds, i.e. HHH-Cu2 (showing the lowest activity) and MeHMe-Cu2 (showing the highest 
activity), to investigate the mechanism of the DTBC oxidation. 
We began by studying the anaerobic interaction of MeHMe-Cu2 with DTBC using UV-Vis 
spectrometry. When a 1 . 5  excess of substrate was added to a solution of MeHMe-Cu1 in methanol, two 
new absorptions appeared at 385 nm and 745 nm, associated with a diminution of the characteristic d-d 
band at 596 nm of the Cu(II) complex, see Figure Til .20 (Figure II 1 .21  in the case of HHH-Cu2). These 
new bands are characteristic of a semiquinone radical,14•18•19 and indicate that the complex interacts with 
DTBC through one copper(Il) center, experiencing only a one-electron reduction, and leading to the 
formation of a mixed-valence MeHMe-Cu1Cu11 - semiquinone complex, DTBSQ. 
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Figure ID.20. Changes in the UV-Vis spectrum ofMeHMe-Cu2 after the addition of a 1 .5 excess ofDTBC 
under anaerobic conditions, showing the formation of the DTBSQ species. 
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Figure ID.21. Changes in the UV-Vis spectrum of HHH-Cu2 after the addition of a 1 .5 excess of DTBC 
under anaerobic conditions, showing the formation of the DTBSQ species. 
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Given that the generation of a hydrogen peroxide byproduct generally accompanies the formation 
of a semiquinone species, 14•19•20 we looked into the outcome of the oxidant, specifically if the molecular 
oxygen is reduced to water or hydrogen peroxide. The formation of minimal amounts of hydrogen peroxide 
was displayed by the the iodometric H202 assay test. Only about 25 % to 50 % of the expected amount of 
H102 was formed by repeated experiments using either various catalyst-to-catechol ratios or different 
reaction times. This result suggests that the hydrogen peroxide might be consumed during the oxidation 
process, as in other cases.21 
To gain further insight, we explored the impact of hydrogen peroxide on the oxidation of catechol 
by conducting a time-dependent UV-Vis scan under anaerobic conditions. 20 equivalents of DTBC and a 
slight excess of hydrogen peroxide solution prepared in oxygen free methanol were added to a solution of 
the complex. The recorded absorbance after 250 minutes was 1 .308, representing a 36 % conversion of the 
substrate. The shape of the trace (see the dashed line in Figure I l l.22), though, suggests that the reaction 
was incomplete and the oxidation process still taking place. When the experiment was repeated using 
oxygen-saturated methanol as a solvent, the recorded absorbance at 250 minutes was 3.344, equivalent to 
a 92 % conversion of the catechol (see the solid line in Figure IU.22). This result was consistent with our 
previous experiments, as depicted in Figure 111. 1 3  The IIllH-Cu2 complex produced a similar result, as 
depicted in Figure lll .23. 
We next studied the catechol-to-quinone transformation in the presence of increasing amounts of 
H202 (0.5, 1 .0, 1 .5, 2.0, 2.5, 3.0, 3.5, 4.0, 5.0, I 0.0, and 20.0 equivalents). The plot of the reaction rates 
versus hydrogen peroxide concentration is depicted in Figure 111.24 (see the line marked with +). When 
increasing amounts of H102 were added to a catalyst to catechol mixture in a I :20 ratio (close to the 
saturation point, see the line marked with • in Figure 111 .24), a linear increase of the rate of the reaction 
followed. These results demonstrate that the hydrogen peroxide is involved in and consumed during the 
catalytic process; this explains the low levels of H102 shown in the iodometric test. 
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Figure ill.22. DTBC to DTBQ conversion time scan under anaerobic conditions in the presence of H202 
(dashed line), and in the presence of oxygen saturated methanol (solid line) for the MeHMe-Cu2 complex. 
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Figure ID.23. DTBC to DTBQ conversion time scan under anaerobic conditions in the presence of Hi02 
(dashed line), and in the presence of oxygen saturated methanol (solid line) for the HHH-Cu2 complex. 
We have also performed kinetic studies in the presence of excess quinone, by adding increasing 
amounts of DTBQ to the same catalyst to catechol mixture as above to determine the affect of the DTBQ 
product on the reaction rate. Figure Ill.24 (the line marked with .A. )  shows the results of this experiement, 
revealing that DTBQ has only a small impact on the catalytic process. At low concentrations (from 2 to I 0 
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molar equivalents), DTBQ has only a trivial inhibiting effect, while at higher concentrations ( 1 5  to 30 
equivalents) the formed product has virtually no increased influence on the reaction rates. As seen in Figure 
111.25, the HHH-Cu2 complex yielded similar results, 
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Figure 01.24. The influence ofH202 (+) and DTBQ ( .A. )  on the initial rates of the reaction using MeHMe-
Cu2; for comparison, the rate of DTBC oxidation ( •) under regular conditions is also depicted, as in Figure 
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Figure m.25. The influence of H102 (+) and DTBQ ( .A. )  on the initial rates of the reaction using mm-
Cu2; for comparison, the rate of DTBC oxidation ( •) under regular conditions is also depicted, as in Figure 
111 . 1 7. 
62 
With all the aforementioned results taken into account, we propose the mechanism illustrated in 
Scheme III.3 for the catechol oxidation by these complexes. Initially, the catalytic cycle involves a 
stoichiometric reaction between the Cu11 • • ·Cu11 species and the substrate, with the formation of a mixed­
valence Cu1 • • ·Cu11 - semiquinone complex. After releasing the DTBSQ intermediate, the Cu1 • • ·Cu11 
scaffold can accommodate a second DTBC molecule, a process that produces another semiquinone species, 
and generates a fully reduced Cu1 • • ·Cu1 complex. 
When oxygen is not present, the Cu11 • • ·Cu11 catalyst is regenerated by the Hi02 oxidation of the 
Cu1 • • ·Cu1 species, as shown in path A, Scheme 111.3. This step is supported by the formation of the DTBQ 
product in the presence of Hi02 under anaerobic conditions (Figures 111.22 and 111.23, dashed line), as well 
as by the observed increased activity of the catalysts in the presence of additional hydrogen peroxide within 
the system (see the lines marked with + in Figures 111.24 and III.25). 
Oxygen, when present, is plainly involved in the regeneration of the Cu11 • • ·Cu11 species, either from 
the Cu1 • • ·Cu1 complex (path B), or by oxidizing the mixed valence Cu1 1 • • ·Cu1 species (path C). The 
increased activity of the complexes in oxygenated solutions supports this assertion (see Figures l ll.22 and 
111.23, solid line). 
As the center of Scheme 111.3 displays, the final DTBQ product stems either from the 
disproportionation of the DTBSQ species or from the oxidation of the latter by oxygen and hydrogen 
peroxide. The presence of these two coexisting catalytic pathways (one involving oxygen and the other 
hydrogen peroxide as oxidants, as collectively depicted in Scheme III.4) is consistent with our experimental 
data and explains the small amount of hydrogen peroxide identified in the system. Finally, the observed 
small initial inhibiting effect of DTBQ on the catalytic cycle can be explained by considering the reverse 
disproportionation reaction leading to semiquinone fonnation. 
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Scheme ID.3. Proposed mechanism for catechol oxidation by the complexes described in this work. 
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Scheme ID.4. The overall oxygen and hydrogen peroxide oxidation of DTBC to DTBQ. 
64 
References 
1 .  Fahrni, C .  J .; Pfaltz, A .  Helv. Chim. Acta 1998, 81, 491 . 
2 .  Diemer, Y.; Chaumeil H.; Defoin, A. Fort A.; Boeglin A.; Carre C .  Eur. J Org. Chem. 2006, 2727. 
3 .  Reger, D .  L.; Semeniuc, R .  F.; Gardinier, J .  R.; O'Neal, J . ;  Reinecke, B.; Smith, M. D. lnorg. Chem. 
2006, 45, 4337. 
4. Ray, M.; Golombek, A. P.; Hendrich, M. P.; Yap, G. P. A.; Liable-Sands, L. M.; Rheingold, A. L.; 
Borovik, A. S. Inorg. Chem. 1999, 38, 3 1 1 0. 
5 .  Marlin, D. S.; Mascharak, P. K .  Chem. Soc. Rev. 2000, 29, 69. 
6. Rose, M.  J.; Patra, A. K.; Alcid, E. A.; Olmstead, M. M.; Mascharak, P. K. lnorg. Chem. 2007, 46, 
2328. 
7. Ghosh, K.; Erny-Reveles, A. A.; Avila, B.; Holman, T. R.; Olmstead, M. M.; Mascharak, P. K. 
!norg. Chem. 2004, 43, 2988. 
8. Gale, E. M.; Cowart, D. M.; Scott, R. A.; Harrop, T. C. lnorg. Chem. 2011, 50, I 0460. 
9. Merkel, M.; Moeller, N.; Piacenza, M.; Grimme, S.; Rompel, A.; Krebs, B. Chem. Eur. J 2005, 
11, 1 20 1 .  
I 0. Karlin, K. D.; Farooq, A.; Hayes, J. C.; Cohen, B. I.; Rowe, T. M.; Sinn, E.; Zubieta, J. Inorg. 
Chem. 1987, 26, 1 27 1 .  
1 1 . Karlin, K. D.; Sanyal, I.; Farooq, A.; Jacobson, R. R.; Shaikh, S. N.; Zubieta, J. lnorg. Chim. Acta 
1990, 1 74, 1 3 . 
12 .  Duggan, M. ;  Ray, N.; Hathaway, B.; Tomlinson, G.; Brint, P . ;  Pelin, K.  J Chem. Soc. Dalton 
Trans. 1980, 1 342. 
1 3 .  Hathaway, B. J. J Chem. Soc. Dalton Trans. 1972, 1 196. 
65 
14 .  Koval, I. A.; Selmeczi, K.; Belle, C.; Philouze, C.; Saint-Aman, E.; Gautier-Luneau, I . ;  Scuuitema. 
A. M.; Vliet, van M.; Gamez, P.; Roubeau, 0.; Luken, M.; Krebs, B.; Lutz, M.; Spek, A. L.; Pierre, 
J.-L.; Reedijk, J. Chem. Eur. J. 2006, 12, 6138.  
15 .  Zhang, G.-F.; Zhou, Q.-P.; Dou, Y.-L.; Yin, M.-H.; Wang, Y. Appl. Organomelal. Chem. 2007; 
21, 1059. 
16. Koval, I. A.; Gamez, P.; Belle, C.; Selmeczi K.; Reedijk, J. Chem. Soc. Rev. 2006, 35, 814.  
17 .  Dey, S. K.;  Mukherjee, A. Coard Chem. Rev. 2016, 310, 80. 
1 8. Thompson, J. S.; Calabrese, J. C. Inorg. Chem. 1985, 24, 3 1 67. 
19. Mendoza-Quijano, M. R.; Ferrer-Sueta, G.; Flores-Alamo, M.; Aliaga-Alcalde, N.; G6mez­
Yidales, Y.; Ugalde-Saldivara, Y. M.; Gasque, L. Dalton Trans. 2012, 41, 4985. 
20. Sarkar, S.; Sim, A.; Kim, S.; Lee, H.-1. J. Mo!. Cata/. A: Chem. 2015, 410, 149. 
2 1 .  Neves, A.; Rossi, L. M.; Bortoluzzi, A. J.; Szpoganicz, B.; Wiezbicki, C.; Schwingel, E. Jnorg. 
Chem. 2002, ./ 1, 1788. 
66 
IV. Conclusions and Future Work 
We have described here the synthesis and characterization of five new distinct but related dinuclear 
copper(l l )  complexes supported by ligands consisting of two bis(pyrazolyl)methane donor groups attached 
to a phenol core through an amide linkage. These ligands were designed and prepared with different 
substituents grafted onto the central arene ring, to investigate the influence of those groups on the catechol 
oxidase activity of their resulting complexes. Our studies, using 3,5-di-tert-butylcatechol as a substrate, 
showed that the substitution pattern of the central arene ring has a significant impact on their catecholase 
properties. Their activity increases in the following order: lll1H-Cu2 < HBu'H-Cu2 < MeN02Me-Cu2 < 
MeBrMe-Cu2 < MeHMe-Cu2, that is from the unsubstituted to the meta substituted complex. 
Additional investigations of these species revealed other key findings. First, these complexes are 
able to support the complete oxidation of the substrate to its corresponding quinone. Second, it appears that 
there might be a correlation between the observed Vmax and kcat and ti Vceo values obtained from the kinetic 
studies and IR data. If confirmed, this could offer an efficient quick method of estimating the catechol 
oxidase activity of carboxamido-based complexes; however, more studies are clearly needed before 
reaching a definite conclusion. 
Kinetic investigations of this system revealed that the reaction rate is first order in catalyst 
concentration, and the process follows a Michaelis-Menten type path. Mechanistic studies showed that the 
first step of this oxidation process proceeds with the formation of a semiquinone species, that then 
transforms into the final product either via disproportionation or by oxidation. The byproduct of this process 
is hydrogen peroxide; in contrast to other cases where this compound accumulates in the reaction mixture, 
in this instance the formed Hi02 becomes progressively involved in the oxidation process. As such, the 
oxidation of the copper(I) to copper( JI) step of the reaction cycle proceeds via two pathways, one in which 
molecular oxygen is implicated, and the other where hydrogen peroxide is the oxidant. 
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These results suggest that the catechol oxidation mechanisms by which various biomimetic and/or 
bioinspired model complexes operate are very diverse, thus explaining the multitude of proposals found in 
the literature. Future investigations would involve studying the influence of the exogenous bridge and the 
substitution pattern of the pyrazolyl rings on the catecholase properties of this type of complexes. 
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